Cyprodinil is a new-generation anilinopyrimidine fungicide widely used in crop protection 2 and frequently found in fruits. In this study, novel derivatives of cyprodinil with linker site 3 heterologies were synthesized and employed in order to produce antibodies with enhanced affinity. 4
Introduction 29
Anilinopyrimidines (cyprodinil, pyrimethanil, and mepanipyrim, Table 1 ) are new-generation 30 and highly efficient compounds active against a broad-spectrum of fungal pests. They show a 31 particular mode of action consisting in the inhibition of methionine biosynthesis, so they are 32 frequently combined with other fungicides possessing a different target site. Cyprodinil was the first 33 anilinopyrimidine active ingredient to be introduced in all European countries (Pesticide Properties 34 DataBase). Nowadays, cyprodinil-based formulations are widely employed for plant and crop 35 protection. According to different monitoring programs, cyprodinil is one of the most commonly 36 found residues (EFSA, 2013; USDA, 2012) . In order to regulate the presence of toxic compounds 37 in food commodities, the European Food Safety Authority (EFSA) has established maximum 38 residue levels (MRLs) as the upper legal concentration of a chemical to guarantee the lowest 39 possible consumer exposure whilst reaching adequate phytosanitary efficiency (EU Pesticide 40 Database). Those MRLs generally refer to raw or baby food products, but the legal pesticide 41 contents for most processed foodstuff are not regulated yet in the EU. Nevertheless, different 42 studies have confirmed the persistence of pesticides after industrial processing, for example during 43 fermentation of grape must, with common concentrations in wine at micrograms per litre level 44 (Cabras & Angioni, 2000; Cabras, et al., 1997; Edder, et al., 2009; González-Rodríguez, Cancho-45 Grande, & Simal-Gándara, 2011) . In addition, the presence of more than one residue has been 46 repeatedly found in such high added value goods (Carpinteiro, Ramil, Rodriguez, & Cela, 2010; 47 Pesticide Action Network, 2008; Trosken, Bittner, & Volkel, 2005) . 48 Several methods have been described for the detection of cyprodinil traces in wines, based 49 on gas or liquid chromatography with mass spectrometry detection. A previous extraction step is 50 usually employed to avoid matrix effects, such as solid-phase microextraction with divinylbenzene-51 carboxen-polydimethylsiloxane fibers (Rial-Otero, Yagüe-Ruiz, Cancho-Grande, & Simal-Gándara, 52
2002), liquid-liquid extraction (Vaquero-Fernández, et al., 2008) , solid-phase extraction with Oasis 53 HLB cartridges (Fontana, Rodríguez, Ramil, Altamirano, & Cela, 2011) , dispersive liquid-liquid 54 microextraction (Rodríguez-Cabo, Rodríguez, Ramil, & Cela, 2011) , or the QuEChERS (quick, 55 easy, cheap, effective, rugged, and safe) procedure (Moeder, Bauer, Popp, van Pinxteren, & 56 9 (CDm) of the cyprodinil molecule, in a contiguous position compared to hapten CDp (Table 1) . A 197 similar synthetic strategy was followed for the synthesis of the novel immunizing haptens, CDb and 198 CDm, which involved a condensation reaction between an aryl guanidine and a 1,3-dicarbonyl 199 compound as the key synthetic step to construct the suitably functionalized anilinopyrimidine 200 framework. The synthesis of hapten CDb is schematized in Fig. 1 . It comprised the prior 201 preparation of the 1,3-dicarbonyl compound 6, which bears the C5 carboxylated alkyl chain that 202 constituted the spacer arm. Its preparation was carried out through the acylation reaction of allyl β-203 oxopropanoate 3, obtained via Claisen condensation of cyclopropyl methyl ketone (1) with diallyl 204 carbonate (2), with methyl 6-chloro-6-oxohexanoate (4), followed by palladium-catalyzed 205 decarboxylative deallylation reaction. The thus obtained β-dicarbonylic compound 6, which exists 206 in solution as a mixture with the enol tautomer, was subsequently condensed with phenylguanidine 207 nitrate (7) in basic media to form the complete skeleton of hapten CDb, the synthesis of which 208 ended with the hydrolysis of the methyl ester moiety of 8 in basic aqueous medium. 209
The regioisomeric hapten CDm was prepared as illustrated in Fig. 2 , and involved the 210 preparation of the pyrimidine ring via a condensation reaction in basic medium of 1-211 cyclopropylbutane-1,3-dione (9) with the aryl guanidine 11, which incorporated the C6 hydrocarbon 212 chain that constituted the linker at the adequate position of the phenyl ring. This aryl-guanidine was 213 readily prepared as the nitrate salt by nitric acid catalyzed reaction of methyl 6-(3-214 aminophenyl)hexanoate (10) with cyanamide in an ethanolic medium. Once completed the 215 anilinopyrimidine framework, the synthesis of hapten CDm was accomplished by basic hydrolysis 216 of the methyl ester moiety of 12. Synthesis of the moiety heterologous haptens, Clp and Clm, was 217 based on a strategy similar to that used for the preparation of haptens CDb and CDm. 218
All haptens were activated by the active ester method, and conjugation to proteins was 219 efficiently carried out with the chromatographically purified N-succinimidyl ester of the 220 corresponding hapten, prepared in high yield using N,N'-disuccinimidyl carbonate as the activating 221 reagent. Since no secondary reactions occurred by the followed coupling procedure, the same 222 strategy could be employed for immunizing and assay conjugates. The MR of both BSA conjugates 223 was 11. Regarding assay conjugates, the MRs were 3, 4, 4, and 3 for HRP CDb, HRP CDm, 224 10 HRP Clp, and HRP Clm, respectively, and 6, 8, 11, and 8 for OVA CDb, OVA CDm, OVA Clp, 225 and OVA Clm, respectively. 226
Antibody affinity 227
Four novel antibodies, named CDm#1, CDm#2, CDb#1, and CDb#2, were produced from 228 immunogens containing regioisomeric haptens CDm and CDb, respectively. In addition, previously 229 reported antisera -CDp#1, CDp#2, CDn#1, and CDn#2 -and assay conjugates (Esteve-Turrillas, 230 et al., 2012) were included in this study for a broader checkerboard heterologous competitive 231 analysis, using direct and indirect cELISA formats. All immunizing haptens held equivalent linker 232 arms (Table 1) . Besides, conjugates carrying moiety-heterologous haptens (Clm and Clp) were 233 evaluated with all of the available antibodies in both assay formats. For direct assays, plates were 234 coated with several dilutions of the antiserum (from 3x10 3 to 3x10 4 ), and next day a range of tracer 235 conjugate concentrations (from 1 to 300 µg/L) was evaluated under competitive conditions. For 236 indirect assays, plates were coated with a solution of the respective OVA conjugate at 10, 100, or 237 1000 ng/mL, and the competitive step was carried out using a range of antiserum dilutions (from 238 3x10 3 to 1x10 6 ). Thus, a set of inhibition curves was obtained for every immunoreagent 239 combination in both cELISA formats. Table S1 lists a summary of the results of the checkerboard 240 competitive study, showing the respective inhibition curve parameters for direct and indirect 241 cELISAs achieved with all of the antibodies and the linker site-heterologous conjugates. The 242 overall trend of these results indicated that sensitivity in the direct format was higher than with the 243 indirect one, but a broader conjugate recognition pattern was seen with the latter. As formerly 244 observed, the antibodies obtained from hapten CDn showed the lowest affinity, in line with the 245 results described elsewhere with an equivalent derivative of mepanipyrim -another compound of 246 the same family (Esteve-Turrillas, Mercader, Agulló, Abad-Somovilla, & Abad-Fuentes, 2013 In addition, two moiety-heterologous haptens (Clp and Clm) were synthetized with the aim 253 of further improving IC 50 values (Ahn et al., 2012; Shen et al., 2012; Suárez-Pantaleón, Mercader, 254 Agulló, Abad-Somovilla, & Abad-Fuentes, 2011) . These haptens held the linker at different 255 positions of the aniline ring and contained a distal heterologous chemical group -a chlorine atom -256 at the pyrimidine ring replacing the cyclopropyl moiety of the cyprodinil molecule ( Table 1 ). All of 257 the available antibodies were challenged with these heterologous conjugates by checkerboard 258 cELISA in both formats (Table S2 ). Interestingly, it was observed that CDp-type and CDm-type 259 antibodies perfectly recognized both heterologous conjugates -signals higher than 1.0 were 260 obtained at usual immunoreagent concentrations. Thus, the chlorine atom seemed to mimic fairly 261 well the cyclopropyl moiety. On the contrary, with CDb-type antibodies -which were produced with 262 a hapten carrying the linker at the pyrimidine ring -high immunoreagent concentrations were 263 required to observe binding in the indirect format, whereas low or no binding was seen in the direct 264 format, probably due to the opposite location of the spacer arm in haptens Clp and Clm if 265 compared to the homologous hapten CDb. As expected, no signal was obtained with CDn-type 266 antibodies, with the only rare exception of antibody CDn#1 with conjugate OVA Clm, even though 267 high antibody and conjugate concentrations were also needed. In general terms, the sensitivity of 268 most assays was improved using these new competitive haptens, with many antibody/conjugate 269 pairs showing IC 50 values in the submicrogram per litre level. The most sensitive assay (IC 50 = 0.13 270 µg/L) was obtained with antibody CDp#2 in the direct format using tracer HRP Clm. Fig. 3 shows 271 the standard inhibition curves of the selected cELISAs obtained using antibody CDp#2 in the direct 272 and indirect assay formats in combination with the moiety-heterologous tracer HRP Clm and the 273 linker site-heterologous conjugate OVA CDb, respectively. 274
Antibody selectivity 275
Antibody selectivity towards anilinopyrimidines was assessed by cross-reactivity (CR) 276 studies as the percentage value of the quotient between the IC 50 value for cyprodinil and the IC 50 277 value for pyrimethanil or mepanipyrim (see Table 1 for the structures of these two compounds). 278
Calibration curves were prepared up to 10 µM for every compound in PBS and measured by direct 279 and indirect homologous cELISA. Results for the eight antibodies in the direct format are depicted 280 12 in Fig. 4a as radar line plots. The corresponding plot for the indirect assay is shown in the 281 Supplementary Material file (Fig. S1 ). It was observed that the selectivity pattern was similar by 282 direct and indirect cELISA, indicating a minute influence of the assay format. Interestingly, CDn-283 type antibodies showed CR values around 100% for all three anilinopyrimidine fungicides, 284
suggesting that the central derivatization position of hapten CDn (Fig. 4b) determined the 285 generation of antibodies with a variety of preferred orientations of the molecule. On the contrary, 286 the selectivity of all of the other antisera was generally good -CR values were generally between 287 1% and 10% -no matter of the ring where the spacer arm was located at; either the aniline ring 288 (CDp and CDm) or the pyrimidine ring (CDb). Moreover, mepanipyrim -characterized by a 1-289 propinyl group -was less recognized than pyrimethanil -with a methyl moiety -by most of the 290 antibodies, particularly by CDm-type antisera. Surprisingly, the most selective antibody was CDb#1 291 -CRs around 1% for both compounds -, whose immunizing hapten (CDb) held both the linker and 292 the specific cyclopropyl group at the same ring (Table 1 ). These results show that for such small 293 molecules, the moieties located at a proximal ring also played a determinant role for selectivity, 294 and in the case of hapten CDb, the cyclopropyl moiety could be properly displayed as presumed 295 from the most stable conformer of cyprodinil (Fig. 4b) . 296
Selectivity was also evaluated for the appointed cELISAs using antibody CDp#2 with a 297 moiety-heterologous tracer (HRP Clm) for the direct immunoassay and a linker site-heterologous 298 conjugate (OVA CDb) for the indirect assay. In both cases, a slight increase of CR was observed 299 when compared to the homologous assays -CR values to pyrimethanil and mepanipyrim were 300 between 9% and 18%. As discussed above, the distal position of those heterologies helped to 301 improve immunoassay sensitivity to cyprodinil; conversely, regarding selectivity, both distal 302 heterologies accentuated the binding to other anilinopyrimidines. Thus, when using distal 303 heterologies, antibody molecules with specificity towards the common aniline ring seemed to 304 prevail in the competitive reaction. 305 306 13
Assay robustness 307
Sample constituents may affect the cELISA response, so several potential interferents were 308 evaluated in order to establish the robustness of the proposed immunoassays for the analysis of 309 cyprodinil traces. White, red, and sparkling wines and apple cider were chosen as target samples. 
Matrix effects 320
Water dilution is a simple and common strategy to avoid interferences of the sample matrix 321 over immunoassay analytical performance. Thus, cyprodinil standard curves were prepared using 322 several dilutions (1/5, 1/15, and 1/50) of every evaluated matrix in water and analysed using the 323 proposed direct and indirect cELISAs. Fig. S2 shows the variation of the inhibition curves at every 324 sample dilution for white, red, and sparkling wines and for cider. A 1/15 sample dilution was 325 considered appropriate to avoid matrix interferences, with the exception of red wine, for which a 326 1/50 dilution was proposed. 327
Fungicide interferences 328
Cyprodinil commercial products are usually coformulated with other fungicides, like 329 fludioxonil or picoxystrobin. Moreover, other active principles may be present in the sample. Thus, 330
CR studies were performed with those and other commonly used fungicides such as: azoxystrobin, 331 pyraclostrobin, kresoxim-methyl, trifloxystrobin, fenhexamid, boscalid, imidacloprid, procimidone, 332 cyazofamid, tolylfluanid, tebuconazole, fenamidone, vinclozolin, proquinazid, epoxiconazol, and 333
propiconazol. From this study, it was seen that no antibody recognized any of the listed 334 14 compounds -CR values were lower than 0.1% -, so no interferences from these substances with 335 the proposed cELISAs can be expected. 336
Recovery studies 337
Trueness of the selected assays was evaluated by spiking cyprodinil-free wine and cider 338 samples with known amounts of this fungicide from 1 to 1000 µg/L. After adequate water dilution, 339 fortified samples were analysed by the developed cELISAs. Recoveries (Table 2) ranged from 97% 340 to 120% and from 90% to 116% for direct and indirect assays, respectively, and relative standard 341 deviation remained mostly lower than 15%. From this study, the high sensitivity of the proposed 342 cELISAs was evidenced. The limit of quantification (LOQ) of the method is defined as the lowest 343 
Sampling study 349
The usefulness of the developed method to identify and quantify fungicide residues in wine 350
was assessed using commercial samples acquired in local supermarkets. A total of 150 samples of 351 commercial wine and cider samples encompassing 84 red, 57 white, and 6 sparkling wines and 3 352 cider samples were screened for the analysis of cyprodinil residues. Samples from different origins 353 (Spain, Germany, Italy, France, Portugal, USA, and South Africa) were included in the survey, and 354 they were analysed by the indirect cELISA. We found that 28% of the wine samples contained 355 residues of cyprodinil, considering the LOQ for this method was 5 µg/L. No residues were detected 356 in cider samples. In detail, 44% of red wines contained detectable residues of cyprodinil, while 357 lower percentages were obtained for white and sparkling wines (7 and 17%, respectively). 358
Remarkably, the presence of cyprodinil in positive samples was confirmed by a reference 359 procedure based in a QuEChERS extraction (Walorczyk, et al., 2011) and UPLC/MS MS 360
determinations. 361
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The maximum concentration found for every type of wine was 74, 11, and 18 µg/L for red, 362 
Conclusions 371
Traces of pesticides have been found in fermented alcoholic drinks such as wine. With the 372 aim of developing rapid and sensitive analytical methods for cyprodinil residue control, two novel 373 immunizing haptens were designed and high-affinity antibodies were produced. In addition, two 374 moiety-heterologous compounds were synthesized for competitive assay sensitivity improvement. 375 Science of Food and Agriculture, 88(11), 1943-1948 . 105 ± 15 100 ± 10 100 ± 1 111 ± 12 1000 102 ± 2 100 ± 6 96 ± 7 110 ± 11 a Samples spiked at 1-10 µg/L were diluted in water 1/50 for red wine and 1/15 for the other drinks, whereas for samples spiked at 50-1000 µg/L higher dilutions were employed . b Inconsistent results. Synthesis of moiety heterologous haptens 9 a) Synthesis of hapten Clm (Scheme S1) 9 b) Synthesis of hapten Clp (Scheme S2) 11 Checkerboard competitive assay using homologous and site-heterologous conjugates (Table S1) 14
Checkerboard competitive assay using moiety-heterologous conjugates (Table S2) 15
Cross-reactivity with anilinopyrimidines by indirect cELISA 16
Matrix effects ( Figure S1 ) 
General Information
Phenylguanidine nitrate salt (7) was prepared from reaction of aniline, cyanamide and nitric acid following a literature procedure. 1 1-cyclopropylbutane-1,3-dione (9) was prepared from cyclopropyl methyl ketone, EtOAc and potassium tert-butoxide according to a procedure previously described. 2 6-(3-Aminophenyl)hexanoate (10) was prepared by esterification of the corresponding acid 3 with MeOH and catalytic SOCl 2 . 4 4-Chloro-6-methyl-2-(methylsulfonyl)
pyrimidine (13) was prepared from commercially available 4-hydroxy-2-mercapto-6-methylpyrimidine following a previously described three steps synthetic route. a Micromass VG Autospec spectrometer, or the electrospray (ES) mode, which was obtained with a Q-TOF premier mass spectrometer with an electrospray source (Waters, Manchester, UK).
Hapten Synthesis a) Synthesis of Hapten CDb
Preparation of allyl 3-cyclopropyl-3-oxopropanoate (3). Diallyl carbonate (2, 1.0 g, 2.55 ml, 17.82 mmol, 1.5 equiv.) and 1-cyclopropylethanone (1, 1.17 mL, 11.88 mmol, 1 equiv.) were successively added into a stirred suspension of HNa (60% dispersion in mineral oil, 1.19 g, 29.75 mmol, 2.5 equiv.) in anhydrous benzene (5 mL) at rt under nitrogen and the mixture was refluxed for 5 h. The reaction mixture was cooled to 0 ºC, cautiously treated with 3 M HCl solution to acidic pH and extracted with CH 2 Cl 2 . The organic extracts were washed with brine, dried over anhydrous MgSO 4 and concentrated to dryness. The residue was chromatographed, using hexane-Et 2 O 9:1 as eluent, to afford the β-ketoester 3 as an oil (1.36 g, 60%). .6 (C-3), 131.5 (C-2 allyl), 118.4 (C-3 allyl), 65.6 (C-1 allyl), 49.6 (C-2), 20.6 (CH-Cy), 11.5 (CH 2 CH 2 -Cy); IR (NaCl) v max /cm -1 3088, 3012, 2943, 1736, 1707, 1649, 1442, 1385, 1312, 1271, 1151, 1074, 992, 933, 735 . HRMS m/z calcd. for C 9 H 12 O 3 168.07864, found 168.07884.
Preparation of (E)-1-allyl 8-methyl 2-(cyclopropanecarbonyl)-3-hydroxyoct-2-enedioate (5).
β-Ketoester 3 (288.3 mg, 1.5 mmol) was added to a stirred suspension of anhydrous MgCl 2 (142.8 mg, 1.5 mmol) in dry CH 2 Cl 2 (2 mL) at rt under nitrogen. The reaction mixture was cooled to 0 ºC, dry pyridine (243 µL, 3 mmol) was added and the mixture was stirred at this temperature for 15 min. Then, methyl adipoyl chloride (4, 234 µL, 1.5 mmol) was added and the mixture was stirred at 0 ºC for 15 min. and then at rt for an additional 1 h. After the addition of cold 6 M HCl (3 mL) to the white slurry formed, the mixture was extracted with Et 2 O, the extracts were washed with brine and then dried over MgSO 4 . Evaporation of the solvent afforded the crude product that was purified by chromatography, using hexane-EtOAc 9:1 as eluent, to yield a yellowish oil corresponding to the expected β-diketone, which exists exclusively in the keto-enol tautomeric form 5 (457.5 mg, 98%). 12.1 (CH 2 CH 2 -Cy); IR (NaCl) v max /cm -1 3087, 3014, 2952, 2873, 1735, 1560, 1437, 1271, 1208, 1101, 1062, 936, 737 8-cyclopropyl-6-hydroxy-8-oxooct-6-enoate (6a) and methyl 8-cyclopropyl-6,8-dioxooctanoate (6b 3008, 2945, 2863, 1735, 1609, 1440, 1377, 932, 777 . (8) . A mixture of phenylguanidine nitrate salt (7, 289.1 mg, 1.459 mmol, 1.6 equiv.), Na 2 CO 3 (76.3 mg, 0.72 mmol, 0.8 equiv.) and keto-enol 6 (203.6 mg, 0.90 mmol) in MeOH (2.5 mL) contained in a sealed ampoule was heated with stirring at 80 ºC for 24 h. The reaction mixture was poured into water and extracted with EtOAc. The organic extracts were washed with brine, dried over anhydrous Na 2 SO 4 and concentrated to give an oily residue that was purified by chromatography, using hexane-EtOAc 9:1, to afford the pyrimidine derivative 8 (231.3 mg, 79%) as an oil. 
Preparation of (Z)-methyl
Preparation of methyl 5-(6-cyclopropyl-2-(phenylamino)pyrimidin-4-yl)pentanoate
b) Synthesis of Hapten CDm
Preparation of methyl 6-(3-guanidinophenyl)hexanoate (11). A mixture of methyl 6-(3-aminophenyl)hexanoate (10, 188 mg, 0.850 mmol), 50% aqueous cyanamide solution (132 µL, 1.70 minmmol, 2 equiv.) and concentrated HNO 3 (70% w/v, 84 µL, 1.13 mmol, 1.3 equiv.) in EtOH (1.6 mL) was placed in a dark glass ampoule under nitrogen. The ampoule was sealed under vacuum and then heated with stirring at 78 ºC overnight. The content of the ampoule was transferred into a flask with the aid of EtOH, concentrated to dryness under vacuum and the residue purified by chromatography, using CHCl 3 -MeOH 9:1 as eluent, to give the aryl guanidine 11 (242 mg, 87%). 
Preparation of methyl 6-(3-((4-cyclopropyl-6-methylpyrimidin-2-yl)amino)phenyl)hexanoate (12).
A mixture of aryl guanidine 11 (143.1 mg, 0.438 mmol), 1-cyclopropylbutane-1,3-dione (9, 110.5 mg, 0.876 mmol, 3 equiv.), Na 2 CO 3 (23.2 mg, 0.219 mmol, 0.5 equiv.) and MeOH (1 mL) contained in a sealed glass ampoule was heated with stirring at 78 ºC for 48 h. The ampoule was opened and the solvent was removed under vacuum, giving a residue that was chromatographed on silica gel, using CHCl 3 as eluent, to give the pyrimidine derivative 12 (96.5 mg, 62%) as an oil. (CH-Cy), 9.8 (CH 2 CH 2 -Cy); IR (KBr) v max /cm -1 3292, 3213, 3101, 3014, 2932, 2853, 1700, 1633, 1604, 1558, 1487, 1452, 1404, 1264, 960, 784 
Synthesis of Moiety Heterologous Haptens
Heterologous haptens Clm and Clp were prepared by construction of the complete framework as detailed in Schemes S1 and S2. Their synthesis is based on the preliminary preparation of a conveniently functionalized phenylaminopyrimidine moiety followed by incorporation of the C6 hydrocarbon chain that constitutes the spacer arm at the required position of the phenyl ring by a strategy based on the Sonogashira cross-coupling reaction. A detailed description of each synthetic step as well as the complete spectroscopic characterization data of the heterologous haptens and of all the intermediates of their synthesis are reported below.
a) Synthesis of Hapten Clm
Scheme S1. Synthetic pathway to prepare hapten Clm Preparation of N-(4-chloro-6-methylpyrimidin-2-yl)-N-(3-iodophenyl) -butyl 6-(3-(N-(4-chloro-6-methylpyrimidin-2-yl) 2977, 2361, 1707, 1570, 1546, 1369, 1232, 1150, 1110 -butyl 6-(3-((4-chloro-6-methylpyrimidin-2-yl) Pym), 79.9 (CMe 3 ), 35.7 and 35.5 (C-6 and C-2), 30.9 (C-3), 28.6 (C-5), 28.1 (CMe 3 ), 24.9 (C-4), 23.9 (Me-Pym); IR (KBr) v max /cm -1 3434, 2933, 1729, 1689, 1576, 1544, 1366, 1280, 1155, Preparation of 6-(3-((4-chloro-6-methylpyrimidin-2-yl) -butyl 6-(4-(N-(4-chloro-6-methylpyrimidin-2-yl) -butyl 6-(4-((4-chloro-6-methylpyrimidin-2-yl) 
Preparation of tert
